Surface oxidation degrades the durability of polymer marix composites operating at high temperatures due to the presence of strong coupling between the thermal oxidation and structural damage evolution. The mechanism of oxidation in polymer matrix composites leads to shrinkage and damage growth. The thermo-oxidative behavior of composites introduces changes in diffusion behavior and mechanical response of the material. This study presents the derivation of peridynamic formulation for the thermo-oxidative behavior of the polymer matrix composites. As a demonstration purposes, isothermal aging of a unidirectional composite lamina is presented by using peridynamics. Oxidation contributed to the damage growth and its propagation.
I. Introduction
The thermo-oxidative environment results in growth of the thermo-oxidative layer and changes in material properties. The degradation mainly occurs on the surface layer, and it leads to weight loss and shrinkage of the oxidized layer. Therefore, prediction of long-term durability requires the consideration of both the oxidative changes and damage evolution.
The previous studies on the investigation of coupled thermo-chemo-mechanical models such as those of Zohdi [1] , Wang [2] , Gigliotti [3] [4] , Oskay [5] and Liang and Pochiraju [6] utilized finite element method (FEM) for the solution of the field equations in conjunction with a damage variable for monitoring material stiffness degradation. Zohdi [1] developed a FE model to address the coupling of thermo-chemo-mechanical processes in multiphase solids. The model is general enough to predict the loss of structural integrity of heterogeneous solids exposed to environmental attacks: diffusion, reactions, production of heat, changes in the stress field. Wang [2] considered a micromechanics FE model to develop high-temperature constitutive equations of polymer matrix composites with oxidation reaction, damage and degradation. Based on the irreversible thermodynamic theory, the model predicts oxygen concentration, mass loss and oxidation induced stresses.
Tandom et al. [7] used Galerkin FEM to compute the oxidative region growth and investigated the effect of fiber and interface diffusivity on the oxidation growth by using diffusion reaction model. Gigliotti [3] [4] employed FEM to develop a unified approach based on the thermodynamics of irreversible processes. This study included not only the effect of the chemical field on the mechanical field, but also the effect of the mechanical field on the chemical field. Caglar [5] developed a computational multiscale and multiphysics approach by using FEM. Damage was monitored at each scale through an internal state variable. Recently, Liang and Pochiraju [6] developed a FE model for degradation of polymer matrix composites due to oxidation reactions and damage evolution. Their study explicitly modeled the time-dependent growth of oxidation layers, and utilized the eXtended FEM (XFEM).for evolution of discrete cracking in a homogenized representation of the composite. Liang et al. [8] considered the oxidation induced stress in G30/PMR-15 lamina with a pre-existing crack, and presented self-similar crack growth by using XFEM.
These techniques suffer from the need to supply an external criterion for crack initiation and growth in the presence non self-similar and multiple crack paths. Considering the difficulty in obtaining and generalizing experimental fracture data, providing such a kinetic relation for crack growth clearly presents a major obstacle to fracture modeling with conventional methods, especially in a 3-D analysis. Even mesh free codes based on the conventional theories require these kinetic relations. The same is true of Cohesive Zone Elements (CZE) and eXtended Finite Element Method (XFEM) through injection of a local enrichment function.
The analysis of damage due thermal oxidation is fundamentally multi-physical and multi-scale in nature. Therefore, this study presents the PD modeling of isothermal aging of a unidirectional composite lamina. The oxidation degradation is modeled by coupling chemical and mechanical responses of the material and damage evolution. It incorporates multiple physical phenomena under one computational framework, peridynamics, which directly and fully couples the distinct physics involving mechanics of deformation, diffusion of temperature, oxygen concentration. The effects of material failure/damage is immediately influence local material properties governing the fields of diffusion. The PD theory enables the coupling of different fields [9] [10] [11] [12] [13] [14] [15] [16] [17] .
II. Deformation and damage prediction in a lamina
The peridynamic (PD) theory introduced by Silling [18] is a non-local continuum approach, and it remains valid whether or not a discontinuity exists in the form of a crack. Its governing equation involving only integration rather than differentiation in space is given as
in which   , f   x x u u represents the force density vector between material points x and  x , and it can be expressed as
The force density vector is a function of initial relative position,   x x and relative displacement,  = u -u vectors. The parameter, s represents the stretch between material points  x and x. The history-dependent scalarvalued function,  facilitates the exclusion of the interactions when the interaction is removed in the form
The damage at a point is represented by the ratio of eliminated interactions to the total number of interactions of a material point as [19]  
In the case of a lamina, the PD material parameter c has a directional dependency [20] in the form By considering simple loading conditions, Oterkus and Madenci [19] derived the PD material parameters in terms of the elastic modulus in the fiber direction, 1 E , elastic modulus in the transverse direction, 2 E , in-plane shear modulus, 12 G , and in-plane Poisson's ratio, 12  as    
These constraints can be removed by using ordinary state based PD formulation as described by Madenci and Oterkus [21] .
III. Therno-oxidation prediction in a lamina
The surface of polymer composites exposed to oxidizing environment absorbs oxygen. The dissolved oxygen activates the oxidizing reaction inside the structure. The oxidation state variable,  indicates the extend of oxidation reaction [8] .
PD diffusion-reaction equation with orthotropic oxygen diffusivity can be represented as 
The diffusivity and the reaction rates depend on the aging temperature [8] . The solubility of oxygen defining the saturation molar volume absorbed at the surface also depends on the temperature. As shown in Fig.2 
with  represents the proportionality constant between weight loss and reaction rate.
Figure. 2 Schematic view of thermo-oxidation zones
The temperature dependent reaction rate can be expressed as [7]       
Similarly, the oxidation induced stretch can be evaluated as;
where  is the shrinkage coefficient. The shrinkage coefficient of a lamina is dependent on the orientation of the material points () k and () p as
cos sin sin cos
IV. Numerical results

Thermo-oxidation in PMR-15 resin strip without a crack
The PD thermo-oxidation model is verified by considering a rectangular PMR-15 resin strip with length 200
Lm   and width 20
Wm   . Along the left edge, oxygen absorption is allowed by specifying s CC  and oxidation absorption is not allowed on the remaining edges by specifying .0 C  n with n representing unit normal vector to the boundary. Table 1 . Diffusivity parameters [7] Unoxidized, 1   Table 2 . Reaction Rate Parameters for PMR-15 resin [7] American Institute of Aeronautics and Astronautics The pre-existing crack is located first symmetrically at /2 yW  , and subsequently non-symmetrically at /4 yW  . Fig. 6 shows the prediction of oxidation state variable for two crack configuration. The color blue represents the oxidized (degraded) region, the color red represents the un-oxidized region. The presence of crack increases the size of the oxidized region further. In both crack configurations, the size of the degraded region is about the same, but when the crack is at the center the oxidized region accumulates at the center. The final crack size in both cases is about 26 m  . 
V. Remarks
This study presents the development of peridynamic formulation for thermo-oxidative behavior of polymer matrix composites. The diffusion reaction model and wight loss effects are included in the peridynamic formulation.The peridynamic modeling thermo-oxidative response of a composite lamina is successfully simulated. The effect of damage growth on the thermo-oxidation and the oxidation layer growth are simulated. The oxidation lead to cracking in the composite material. The peridynamic results agree well with the previous studies.
